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Topics
• Bond distortions in strained layer semiconductor alloys
– Introduction to strain, epitaxy, and critical thickness
– Strain and local atomic structure
– Microscopic distortions:  bond lengths and bond angles
– Atomic machinery and internal mechanisms of elasticity
• Strain induced ferroelectricity in SrTiO3 on Si(001)
– Strain and local electronic structure
– d-level chemistry
– Ferroelectric Memory
• Experimental Techniques:
– Extended x-ray absorption fine structure (EXAFS)
– X-ray Diffraction (XRD)
Collaborators
• Hao Li (Motorola), Eric Shirley (NIST), Steve Hellberg (NRL), 
and Phil Ryan (APS)
–Epitaxial Ferroelectric Oxide SrTiO3 on Si(001)
• Maitri Warusawithana (Cornell U.), Jeremy Levy (U. of 
Pittsburgh), and Darrell Schlom (Cornell U.)
–Ferroelectric memory……
• Cliff King (Lucent Technologies) and Matt Erdtmann
(AmberWave Systems)
– GeSi/Si(001) HBT’s
• Joe Pelligrino (NIST) and James Gupta (NRC)
– Ga1-xInxAs/GaAs(001) and InP(001) HBT’s
Theme
• Why are we interested in strained 
materials?
• How are they made?
• How can we study them?
• EXAFS and X-ray Diffraction
– EXAFS most sensitive to SRO
– Diffraction most sensitive to LRO
EXAFS and X-ray Diffraction
θ
hν
d
d s
in θ
e-
nλ = 2d sin(θ)  (Bragg's Law) 
 
χ(k) = N f(k) sin(2kr + φ(k)) (Stern's Law)
EXAFS
ZA ZB
e-
hω
χ(k) α | f(k) | Sin( 2kr + φ(k) )
EXAFS (absorption data)
Crystalline Ge
E0
EXAFS (background removal)
EXAFS (fine structure)
E – E0 = ħ2k2/2m
FEFF Single Scattering of Ge
Crystalline Ge
k > 4 Å-1
[001][100]
[010]
Diamond Crystal Structure (group-IV)
C
Si
Ge
[001][100]
[010]
Zinc-blende Crystal Structure (III-V’s)
GaAs
InAs
InP
AlAs
[001][100]
[010]
Zinc-blende Crystal Structure
ZnSe
GaAs
InP
Diamond Crystal Structure
[001][100]
[010]
MS Path 1
MS Path 2
hω
FEFF Crystallography of Ge
First Shell Second Shell
Third Shell
MS paths
FEFF Multiple Scattering of Ge
Crystalline Ge
k > 4 Å-1
MS contribution
-40 -20 0 20 40 60
Photon Energy (E - Eo)
Ge K edge
Si K edge
Si K edge
Ge K edge
Cryst. Si
Cryst. Ge
In
te
ns
ity
Cryst. Ge0.1Si0.9
Cryst. Ge0.9Si0.1
XAFS and Backscattering
-20 -10 0 10 20 30
0.0
0.5
1.0
1.5
2.0
2.5
3.0
3.5
N
o
rm
a
liz
e
d
 A
b
so
rp
tio
n
 (
a
rb
. 
u
n
its
)
Photon Energy (E - E0) (eV)
Zn_ZnSe
Ga_GaAs
Ge_Ge
As_GaAs
Se_ZnSe
Eric Shirley: NIST BSE DFT
Glancing Incidence XAFS
Substrate
Film
X rays
Substrate
Film
Total External Reflection
X rays
NIST Glancing Incidence XAFS 
Facility:  X23-A2 NSLS
NIST XAFS BMM NSLS-II
XAFS Experimental Setup for thin films
0.004
0.008
0.012
0.000
10200 10600 11000 11400
Photon Energy (eV)
Ab
so
rp
tio
n 
(a
rb
. u
ni
ts
)
NSLS 
X-ray 
ring 
hν
X23A2 double 
Si(311) crystal 
monochrometer
I   ion 
chamber 
0 SiLi  
fluorescence 
or Lytle 
detector
Spinning Sample
53 Å Ga0.26In0.74As
Ga K edge
Thin-Film EXAFS Spectrum
2 4 6 8 10 12 14 16
-8
-4
0
4
k (Å   )-1
k 
   
 (k
) (
Å 
  )
2
-2
χ
Ga K edge EXAFS
Thin film data can be as good as bulk!
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going on inside 
the unit cell?
How Model Strain?
ε// = (a// - af) / af    ,    a// = as
ε⊥ = (a⊥ - af) / af
Conservation of Volume:
dV = 0  ⇒  ε⊥ = -2 ε// 
Macroscopic Elastic Theory:
ε⊥ = -2 (σ/1-σ) ε// 
σ = Poisson Ratio  (σ < 1/2)
r = 1/4 (ax + ay + az)
Computing r.r  ⇒ 
Cubic Basis:  (ax = ay = az)
r =   3/4 a     (a = aVCA) 
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where ε// = ∆a///a and ε⊥ = ∆a⊥/a
[001][100]
[010]
How Model Bond-Length Strain?
√
√
r
Microscopic Model
[001][100]
[010]
“Virtual” Tetrahedron
F
d = 2r sin(θ/2) and h = 2r sin(θ′/2)
Polarization Dependent FT’s
Filtered Data
Anisotropic shift of bond angles relative to interface explains
expansion and contraction of lattice constant due to strain!
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But, there is a component of force along bond direction!
F
EXAFS Experiment: Tensile and 
Compressive Strain
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“Atomic-Scale Structure of Random Solid Solutions:  Extended X-ray-
Absorption Fine-Structure Study of Ga1-xInxAs,” J.C. Mikkelsen, Jr. and J.B. 
Boyce, Phys. Rev. Lett. 49, 1412 (1982).
rVCA = √3/4 a
16 Bond Random Cluster Calculation
Ga4-jInjAs
j = 0,1,2,3,4
Bernoulli Distribution
Note:  Most probable cluster matches concentration of medium.
Unstrained Cluster Bond Lengths
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Conclusions
• Measured local atomic distortions in strained 
semiconductor alloy thin films by EXAFS and 
XRD.
• Microscopic model of strain and bond 
distortions:  Internal mechanisms of elasticity.
• Resolves paradox: How bond lengths get 
smaller (larger) but out-of-plane distance gets 
larger (smaller)?
